A hybrid heat sink concept which combines passive and active cooling approaches is proposed. The hybrid heat sink is essentially a plate fin heat sink with the tip immersed in a phase change material (PCM). The exposed area of the fins dissipates heat during periods when high convective cooling is available. When the air cooling is reduced, the heat is absorbed by the PCM. The governing conservation equations are solved using a finite-volume method on orthogonal, rectangular grids. An enthalpy method is used for modeling the melting/re-solidification phenomena. Results from the analysis elucidate the thermal performance of these hybrid heat sinks. The improved performance of the hybrid heat sink compared to a finned heat sink (without a PCM) under identical conditions, is quantified.
In order to reduce the computational time and aid in preliminary design, a one-dimensional fin equation is formulated which accounts for the simultaneous convective heat transfer from the finned surface and melting of the phase change material at the tip. The influence of the location, amount, and type of PCM, as well as the fin thickness on the thermal performance of the hybrid heat sink is investigated. Simple guidelines are developed for preliminary design of these heat sinks.
Keywords: hybrid heat sinks, melting, phase change materials, transient power dissipation, electronics cooling applications [4] . More recently, phase change materials (PCMs) have been explored for electronics thermal management.
Applications considered have included handsets, portables, and power electronics [5, 6, 7, 8, 9] . These materials are particularly attractive for transient applications where the heat loads are pulsed [10, 11] . Commonly used PCMs (e.g., paraffin) have very low thermal diffusivity and are not particularly suitable for transient applications. In order to improve the effective thermal conductivity and enhance heat transfer rates, internal fins and metal foams have been introduced into the PCM [12, 13, 14] .
A number of electronics thermal management applications encounter time-dependent cooling conditions such that the c:ooling rate periodically changes between high and low values (Figure 1) In the present study, a hybrid heat sink concept targeted towards these applications is proposed. The heat sink consists of a parallel-plate heat sink with a portion of the fin tips immersed in a suitable phase change material. The heat sink concept is first explained below, followed by an analysis methodology. A fin equation which accounts for simultaneous convective heat transfer from the fin and melting of the PCM at the tip is then developed. The influence of PCM type, location and amount, as well as the fin thickness, on the thermal performance of the system is investigated. Simplified design guidelines are also formulated for preliminary design of these heat sinks, and the merits of the proposed hybrid heat sink concept discussed. 
NOVEL HEAT SINK CONCEPT
Finned heat sinks are widely used to cool electronics. In a number of applications, the velocity fluctuates periodically from a high value to a low value, with a corresponding timedependence in the heat transfer coefficient at the fin surface ( Figure 1 ). In the proposed hybrid heat sink concept (Figure  2) , the fins dissipate heat through their exposed area during periods of high convective air cooling (hh,c). The PCM at the fin tips participates by absorbing heat when the convective cooling rate is reduced (blow). The heat stored in the PCM is rejected to the ambient (re-solidification) during the subsequent jump in convection in the next cycle. If the entire finned structure were completely immersed in a PCM, the heat sink would initially perform better than the proposed arrangement. However, as the heat source continually dissipates heat, such a design would not sustain its dissipation capability since the melted PCM would become superheated. The advantage of the proposed concept is that it can dissipate heat continuously as the melted PCM resolidifies during periods of high convective cooling. The thernial performance of these hybrid heat sinks can be optimized by proper choice of the governing parameters.
MATHEMATICAL AND NUMERICAL MODELING
The problem domain considered for the analysis of the proposed heat sink is shown in Figure 3 . Symmetry conditions simplify the domain to include half the thickness of a fin and half the PCM volume between two fins. The fin base is maintained at a constant temperature, Tb (= 85°C). As a worst case, the plane at the right is assumed adiabatic. The exposed part of the fin and the PCM exchange heat transfer with the ambient (at-T, = 35°C) that imposes a timedependent convective heat transfer coefficient, h. Heat transfer coefficients of 20 W/m2K and 125 W/m2K were used as the low and high values (Figure 1) for all numerical calculations. The spacing between the fins is 2S, and the fin thickness, tf. Thermophysical properties of the fin material (aluminum) and the PCMs considered are listed in Table 1 . The governing energy conservation equation may be written as:
The computational domain is discretized into orthogonal finite volumes.
A central differencing scheme is used for approximating the spatial fluxes and a three-time-levels scheme is implemented for temporal terms [21] . 
AND DISCUSSION
Results for a representative case are first considered in detail.
The total length of the fin is 100 mm,, of which 30 mm is immersed in the PCM. The fin thickness and spacing are 1 mm and 7.5 mm, respectively. An ambient heat -transfer coefficient (blow) of 20 W/m2K was maintained for the first 600 s, and then increased (hfugh) to 125 W/m2K, allowing the PCM to re-solidify. Solidlliquid front locations at various times are plotted in Figure 4 for the PCM, Suntech P116. The entire domain was initially at the ambient temperature (35OC). The upper half of the plot shows the temporal evolution of the melt front while the lower half shows the re-solidifying front. The PCM took approximately 1650 s to re-solidify completely and hence the total cycle (melting and re-solidification) time was 2250 s.
Due to the lower thermal conductivity of the PCM compared to the fin, the heat penetrates deep into the fin first, before spreading into the PCM and melting it. This results in the front shape being approximately parallel to the horizontal axis. Indeed, for infinite fin thermal conductivity, the melt shape would be truly parallel to the x-axis, and the melting onedimensional in nature. The curvature in the melt fronts at the left wall is due to convective heat losses. For a melting process completely dominated by conduction heat transfer (with initial PCM temperature being at T,,J, the melt depth scales as [24] 6 -JSteCx) ( awmt)
where Ste(x) = CJTXx) -Tml,1/AI-I. This expression is useful in the discussion of heat sink design guidelines to be presented later in this paper. In order to use equation (2) without any additional calculations, the fin temperature Tdx) must be known. This can be approximated as the temperature of the fin (with an adiabatic tip) if the entire fin were exposed to the ambient (h = 20 W/m'K and T , = 35OC). The actual temperature of the fin would be less than this approximation suggests, as seen in Figure 5 ). Using equation (2) for times of 200 s and 600 s at x = 71 mm, the melt depths obtained are 1.7 mm and 2.9 mm, respectively. The corresponding melt depths obtained from CFD calculations at x = 7 1 mm are 1.35 and 2.8 mm, respectively. At 600s, the average melt front location was at 2.4 mm, with only 64%.of the domain having melted. In Figure 5 , the temporal evolution of the fin temperature distribution is plotted for Suntech P116. Also plotted in Figure 5 are the steady-state temperature distributions for the case when the entire fin was exposed to ambient air with the tip being adiabatic, both for the low (20 W/m2K) and high (1 25 W/m2K) convection ambients; as expected, these provide upper and lower temperature bounds in the figure. It may be noted that the fin temperatures are suppressed for the hybrid heat sink compared to the fin exposed only to low-convection ambient.
Front locations during re-solidification, shown in the lower half of Figure 4 , show that the solid begins to grow from. the left end and from the fin surface. The heat flow into the fin at the base is countered by heat added due to the resolidification of the PCM, resulting in the reversal in heat flow direction into the fin evident in Figure 5 . The front shape in Figure 4 results from heat being lost directly to the ambient as well as through the fin. The re-solidification process is schematically explained in Figure 6 . Along the plane AD, heat is lost directly to the ambient which is at 35 "C with h = 125 W/m2K. Heat is lost to the ambient through the fin along plane AB. Region AEFG in Figure 6 clearly experiences two-dimensional heat flow due to the interaction between both these heat loss paths. Ignoring region AEFG, the problem may be simplified into a two onedimensional sub-problems, one governed by heat loss across plane GD and the other across plane EB. The solidification times for these two 1D sub-problems are given, respectively, by the following expressions, in which w and d are marked in Figure 6 [25]:
In equation (4), Stefan number is defined as Cp(Tmelt -'rXx))/AH. These equations were derived [25] by assuming the process to occur under quasi-steady conditions, with initial temperature being the melting temperature. The fin temperature distribution can be assumed to be the same as the fin temperature when the entire fin is exposed to air. At 1650 s, the predicted value for w (Figure 6 ) from Equation ( In Figure 7 , the temporal evolution of the melting and resolidifying front locations is plotted for a Bi/Pb/Sn/Cd/In eutectic alloy (melting point of 47OC, same as for Suntech P116). This metallic alloy is chosen for comparative simulation in spite of the presence of lead and cadmium since it has the same melting point as that of Suntech P116, but a diffusivity that is two orders of magnitude higher. Other lowmelting alloys could be chosen in practice. The upper half of Figure 7 shows the melting front locations at various times, while the lower half shows the solidifying fronts. The fin length, thickness and spacing are same as in the previous case as are the transient convective conditions. The domain was again initially at an ambient temperature of 35°C. The effect of the higher diffusivity of the alloy can be seen clearly by comparing Figure 7 with Figure 4 . The time for heat to penetrate into the domain scales as LE2/% where is the characteristic length: LE for the PCM is S and for the fin is bm. Since S2/%, e< L2/a, the front for the metallic alloy (Figure 7) is very steep compared to paraffin in Figure 4 . The metallic alloy took approximately 575 s to melt completely.
The ratio of the available latent heat @AH) of the metallic alloy to that of the paraffin is = 0.6. For identical boundary and initial conditions and PCM melting points, neglecting the initial sub-cooling, the ratio of amounts of melted alloy to paraffin is the inverse of their available latent heat energy, i.e.: The approximate Equation (5) yields a value of 0.6 at end of 600 s, which agrees well with the "exact" value of 0.64 from the numerical prediction. with the PCM; steady-state distributions for the low-and highconvection ambient conditions are also plotted. Comparing Figure 8 with Figure 5 , the temperatures in the fin are seen to be lower for the alloy than for the paraffin. The temperature distributions for the two PCM materials of very different thermal diffusivities (Suntech and metallic alloy) are compared in Figure 9 ; profiles along the ycoordinate at x = 75 mm are shown at different times. During the heat-input period (up to 600 s), the Suntech PCM is still undergoing phase change as indicated by the temperature gradient in the melt. In contrast, the metallic alloy has already melted and the molten liquid continues to pick up sensible heat during this time. Complementary trends may be noted during the cooling period (profiles at t = 1500 s shown in the figure) , where the paraffin is still undergoing phase change while the metallic alloy has already solidified.
In Figure 10 , the fin heat transfer rates for both paraffin and metallic alloy are shown. Also included in this figure is the case where the entire length of the fin is exposed to air, and no PCM is used. For the first 600 s, with the heat transfer coefficient at 20 W/m*K, the fins with the PCM performed better than those without PCM. During this period, the fin heat transfer rate drops as time evolves because more PCM melts. Figure 10 also shows a steep decrease in the heat transfer rate initially due to the sensible heating of the PCM from the initial temperature to the melting point of the PCM (35 to 47°C). After 9 mins, the fin immersed in metallic alloy is able to dissipate 6 W (-14 %) more than the baseline case of no PCM; the paraffin was similarly able to dissipate 4.2 W (-10 %) more than the baseline case. During resolidification in contrast, although the fins with PCMs dissipate less heat than the fin without PCM (due to the resistance to heat flow posed by the PCM), the difference is not as pronounced as during the melting period. Moreover this difference diminishes as the solid grows and the heat transfer rate with the PCM increases. The percentage of overall improvement ($) in the heat transfer rate for the fins immersed in a PCM over the fins without PCM, given by plotted in Figure 1 1.
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Influence of Natural Convection in the PCM Melt
The effect of natural convection in the melt was also simulated, to verify whether the conduction-only solutions above are reasonable. Details of the simulation of natural convection are provided in 117, 231. Due to the chosen heat sink orientation, the symmetry condition imposed on the top end of the domain in Figure 3 (at y = S + t42) is no longer valid, and was relaxed and the PCM in the entire inter-fin spacing was simulated as shown in Figure 12 . The viscosity and thermal expansion coefficient for the Suntech PCM were not available and properties for a similar paraffin, eicosane, viere used instead -thus, although the exact magnitudes of velocities would be somewhat different, the effect of natural convection can still be explored. The front locations with and without including natural convection in the melt at two different times are shown in Figure 13 . It is clear that the natural convection in the melt is not pronounced in this case, and the heat transfer process is conduction-dominated. It may he noted that a Rayleigh number defined for this situation would vary with time as the melt front, and hence the height of the liquid column, evolves.
DESIGN METHODOLOGY
Quasi-Steady Model
An easy-to-use quasi-steady model for the heat transfer through the fin (shown in Figure 3 ) is now derived. This model simplifies the analysis of the proposed hybrid heat sink and aids in its preliminary design. The following assumptions aue invoked in the present model: Heat transfer in the fin is one-dimensional (thin fin approximation) along the x-direction. The heat transfer process is quasi-steady. Melting is also one-dimensional (along the y-direction). The PCM is initially at melting temperature. Accounting for the convective heat transfer and melting of the PCM from the fin surface, the governing energy conservation equation for the fin can be written as
Melt
in which 6 is the melt depth and is defined as Upon non-dimensionalizing Equation (6) using (Tb -TJ and L as the temperature and length scales, respectively, the heat sinking terms (convective and phase change) can be compared to indicate whether the hybrid heat sink will perform better than a conventional heat sink without PCM. This condition can be expressed with the Biot number defined as hlOwL& as:
If this inequality is satisfied, then the hybrid heat sink performs better than the conventional design.
Parametric Analysis
The effects of key governing parameters in the hybrid heat sink design are highlighted next. From Equation (6), the important parameters affecting the heat transfer process are seen to be the amount of PCM (&A, fin thickness (tf -A&€'), thermal conductivity ratio (kPc&) and the PCM melting point (Tml,). The total length of the fin is 100 mm with a fin thickness of 1 mm as before. The base temperature is 85"C, and the heat transfer coefficient and ambient temperature are 20 W/m2K and 35"C, respectively. In the derivation of Equation (6) since initial temperature of the PCM is assumed to be its melting point for simplification, eicosane with a melting point of 36°C is chosen as the PCM in this analysis.
This simplified model is not valid PCMs of high thermal diffusivity, in which the phase change process would be necessarily two-dimensional. For eicosane, on the other hand, good correspondence is seen between predictions from CFD and from Equation (6): for instance, at 300 s, the fin heat transfer rate predicted by the two methods is 43.5 W and 42.3 W, respectively.
The influence of amount of PCM coverage on the temperature distribution in the fin is plotted in Figure 14 . As the amount of PCM increases, the performance of the heat sink improves in terms of lowering the fin temperature, and equivalently, increasing the heat flow rate supported. Figure 15 shows the melt depth calculated at the end of 600 s for Lpcm = 50 mm and 100 mm. For the case when the entire length of the fin is immersed in PCM, the melt depth is high as the PCM is proximal to the heat source. The effect of varying the fin thickness on the melt depth is shown in Figure 16 . For fixed base temperature and ambient conditions, an increase in fin thickness (and thus in crosssectional area) increases the fin heat flow rate at the base. This increase in heat flow rate increases the temperature in the fin, and leads to greater melting in the PCM. The fin heat transfer rate for fixed base temperature at the end of 600 s for 0.5, 1 and 2 mm-thick fins is 31.4, 41.9 and 50.6 W, respectively. 
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Design Guidelines
For a specified heat sink volume, ambient temperature, allowable maximum temperature and pressure drop through the heat sink (which sets the convective condition), an optimum hybrid heat sink may now be designed for maximum heat transfer rate. The first step in designing the hybrid heat sink is to obtain a thermally optimized baseline heat sink (without PCM) using well-known optimization techniques [27] . The next step is to select the appropriate PCM for the application. In order to determine the required PCM melting temperature, a rough estimate of the fin length to be immersed in the PCM is needed. Using equation ( point is imposed by the fin temperature at x = Lexp for the case when the entire fin is exposed to air at blow. Using the steadystate temperature distribution for a fin with an adiabatic tip exposed to a constant hlowr this condition becomes:
~~~ where mlow = pxc . In fact this is the maximum melting temperature of the PCM that can be used as higher temperatures would degrade the performance of the hybrid heat sink below that of the baseline heat sink.
A third constraint on the PCM selection is imposed by the requirement for re-solidification of the melted PCM. For hbph, the temperature at x = Lexp imposes a minimum on the melting temperature that can be expressed as in which mhiQh = pzc ; for very high heat transfer coefficients, (TmelJmin = T,. Equations (10) and (1 1) specify the maximum and minimum allowable melting points, from which a suitable PCM can be chosen. The periods of transient operation of the hybrid heat sink can be found from Equations (2), (3) and (4) discussed earlier. These simplified equations do not apply when the PCM has a thermal diffusivity comparable to that of the fin material, as in the case of metallic alloys.
CONCLUSIONS
A hybrid heat sink concept, combining a plate fin heat sink with immersion into a phase change material, is proposed. A rigorous computational analysis, including the effects of natural convection in the melt, was performed, and compared to more simplified analyses. The ability of the heat sink to operate continuousty under time-varying cooling conditions is investigated. Easy-to-use design guidelines are developed for the hybrid heat sink, in terms of geometry and material properties.
Different phase change materials (organic and metallic) were evaluated. The metallic PCM performed better than the organic PCM owing to its superior thermal diffusivity. The high density of the metallic PCM, on the other hand, may render it an unsuitable choice for low-weight heat sink designs. The fin heat transfer rate increased with an increase in fin thickness and amount of PCM and decreasing melting temperature of the PCMs.
